Who owns ocean biodiversity? This is an increasingly relevant question, given the legal uncertainties associated with the use of genetic resources from areas beyond national jurisdiction, which cover half of the Earth's surface. We accessed 38 million records of genetic sequences associated with patents and created a database of 12,998 sequences extracted from 862 marine species. We identified >1600 sequences from 91 species associated with deepsea and hydrothermal vent systems, reflecting commercial interest in organisms from remote ocean areas, as well as a capacity to collect and use the genes of such species. A single corporation registered 47% of all marine sequences included in gene patents, exceeding the combined share of 220 other companies (37%). Universities and their commercialization partners registered 12%. Actors located or headquartered in 10 countries registered 98% of all patent sequences, and 165 countries were unrepresented. Our findings highlight the importance of inclusive participation by all states in international negotiations and the urgency of clarifying the legal regime around access and benefit sharing of marine genetic resources. We identify a need for greater transparency regarding species provenance, transfer of patent ownership, and activities of corporations with a disproportionate influence over the patenting of marine biodiversity. We suggest that identifying these key actors is a critical step toward encouraging innovation, fostering greater equity, and promoting better ocean stewardship.
INTRODUCTION
The prospect of the ocean generating a new era of "blue growth" is increasingly finding its way into national and international policy documents around the world and has spurred a rush to claim ocean space and resources (1, 2) . If economic activities in coastal and offshore areas are to expand in an equitable and sustainable manner, in line with the Sustainable Development Goals (SDGs), progress is needed toward addressing multiple and potentially conflicting uses of ocean space within national jurisdictions, in addition to developing a consistent and transparent legal framework for the vast areas beyond national jurisdiction (ABNJ) (3, 4) . These areas cover 64% of the world's ocean and 47% of the Earth's surface yet remain poorly understood or described (5) .
Marine organisms have evolved to thrive in the extremes of pressure, temperature, chemistry, and darkness found in the ocean, resulting in unique adaptations that make them the object of commercial interest, particularly for biomedical and industrial applications (6) (7) (8) . By 2025, the global market for marine biotechnology is projected to reach $6.4 billion, spanning a broad range of commercial purposes for the pharmaceutical, biofuel, and chemical industries (9, 10) . One way to ensure exclusive access to these potential economic benefits is through patents associated with "marine genetic resources" (MGRs). Although the term MGRs has never been formally described (10) , it suggests a subset of "genetic resources," which have been defined under the Convention on Biological Diversity (CBD) as "genetic material of actual or potential value" (11) . The registration of patent claims involving MGRs constitutes an opaque and rapidly evolving frontier where the worlds of science, policy, and industry meet (12) . The adoption of the Nagoya Protocol in 2010 represented an important step within the international policy arena to define obligations associated with monetary and nonmonetary benefit sharing of genetic resources and their products sourced from within national jurisdictions (13) . No such mechanism currently exists for ABNJ.
Transnational corporations have a unique ability to capitalize on and monopolize markets characterized by global scope and complexity. The recent identification of "keystone actors" in the seafood industry, for instance, illustrates how a handful of transnational corporations and their subsidiaries have a disproportionate influence on production volumes and revenues, as well as on governance processes and institutions (14) . The global scope of the marine biotechnology sector and its expanding size seem conducive to the emergence of a similar pattern of dominance by a small number of transnational corporations. Their substantial financial resources enable them to develop commercial applications despite uncertain timelines and returns on investment while also facilitating the acquisition or collection of samples (for example, chartering vessels for a week-long sampling cruise of deep-water corals was estimated in 2013 at $455,000) (15) . Past research has focused on countries where patents have been registered (16) rather than the individual actors registering them. Identifying the entities in control of MGRs, however, is of crucial importance, given the rapidly evolving legal and political landscapes associated with marine biodiversity.
Here, we investigate how many and what types of marine species are being included in patent claims, by whom, and when. We suggest that identifying the key actors registering patents involving MGRs is a critical step toward ensuring more equitable ocean stewardship, whether through regulation, voluntary industry action, or other mechanisms. These findings are discussed in relation to global governance of MGRs, in particular in light of the Nagoya Protocol and the ongoing international negotiations on the conservation and sustainable use of biodiversity in areas beyond national jurisdiction (BBNJ).
RESULTS
We identified 862 marine species, with a total of 12,998 genetic sequences (see the Supplementary Materials) associated to patents with international protection filed under the Patent Cooperation Treaty (see the Supplementary Materials), as of October 2017. The first such patent related to a marine species was traced to 1988, resulting in a database spanning 30 years. The vast majority of patents were registered in the last 15 years, in terms of both the number of marine species used as a source for gene patents (Fig. 1A) and the actual number of genetic sequences included in patent claims (Fig. 1B) .
What is being patented?
Sequences from a wide range of species have been the focus of patents, extending from the sperm whale (Physeter macrocephalus) and giant oceanic manta ray (Manta birostris) to microscopic archaea and plankton ( fig. S1 ). The majority of patents are associated with microbial species, which constitute 19% of named species in the World Register of Marine Species (WoRMS), yet account for more than 73% of all patent sequences in our database. Fish and mollusks represent 16 and 3%, respectively ( fig. S1B ). Other forms of ocean life have drawn less commercial interest. For instance, of the 3057 tunicate (sea squirt) species in WoRMS, only 6 have been the subject of patents (5). A considerable portion of all patent sequences (11%) are derived from species associated with deep-sea and hydrothermal vent ecosystems (91 species, 1650 sequences), many of which are found in ABNJ.
Who is registering the patents?
We found that 221 companies had registered 84% of all patents. Public and private universities accounted for another 12%, while entities such as governmental bodies, individuals, hospitals, and nonprofit research institutes registered the remaining 4% (Fig. 2) . A single transnational corporation had registered 47% of all patent sequences: BASF, the world's largest chemical manufacturer, headquartered in Germany. With posted sales exceeding $79 billion in 2017 and a network of 633 subsidiaries and offices in 94 countries, BASF is a truly global actor. Not only did BASF register more patent sequences than the other 220 companies combined (37%), but it also exceeded the second and third companies by an order of magnitude: Japanese biotechnology firm Kyowa Hakko Kirin Co. Ltd. (5.3%) and U.S.-based biofuel company Butamax Advanced Biofuels LLC (3.4%) ( fig. S2 ). More than half (56%) of all university patents were registered by the Yeda Research and Development Co. Ltd., the commercial arm of the Weizmann Institute of Science (Israel), exceeding the combined claims of the 77 other universities.
Entities located or headquartered in three countries registered more than 74% of all patents associated with MGR sequences: Germany (49%), United States (13%), and Japan (12%). This figure rises to more than 98% when one considers the top 10 countries (see the Supplementary Materials). In total, international patent claims have been made by entities in 30 countries and the European Union (EU), while the remaining 165 countries are unrepresented.
Trends over time
The annual record of published patents reveals a striking temporal pattern (Fig. 3) . Following an extended period of negligible growth from 1988 to 1998, patent claims gradually increased to a plateau of roughly 500 patent sequences annually until 2006, before abruptly peaking in 2009 at 3354 claims and declining just as sharply to 367 in 2012. More than half of the sequences registered to date were included in claims during the period 2007-2010. This peak in activity appears to coincide with key stages in the negotiations and adoption of the Nagoya Protocol (Fig. 3 ). the emergence of a handful of keystone actors (14, 17) . In the seeds industry, for instance, the so-called Big Six (BASF, Bayer, Dow, DuPont, Monsanto, and Syngenta) have dominated the sector for years (18) . The merging of Dow and DuPont (in 2015) and current (2018) negotiations by Bayer to acquire Monsanto illustrate a pattern of further consolidation and have increased concerns about an emerging oligopoly characterized by reduced competition, forms of collusion, and inflated prices for consumers (18, 19) . Our findings show that the corporate landscape with regard to MGRs is already far more consolidated than the seeds industry, although this development has not drawn public attention or scrutiny. BASF is a keystone actor with 5701 MGR patent sequences ( fig. S2 ), while the participation of the remaining Big Six companies is remarkably modest: DuPont (180), Bayer (34), Monsanto (17), Syngenta (4), and Dow (1). The existence of large transnational corporations with global networks of subsidiaries increases the complexity and difficulty of keeping track of patent contracts (20) . Large corporations are known to acquire smaller companies for the primary purpose of claiming ownership of their patent portfolios (21) while also taking advantage of branches located in countries with weaker institutions and limited monitoring or enforcement capacity (20) . The full extent of consolidation in ownership of patents related to MGRs will likely not be known until the disclosure of transfers in patent ownership becomes a legal obligation. Many patents associated with MGRs have been registered by public and private universities, or by their commercialization centers. Existing for the primary purpose of monetizing university innovations and discoveries, commercialization centers operate as companies owned by the respective universities. A keystone pattern is evident here as well, with the Yeda Research and Development Co. Ltd. (the commercial arm of the Weizmann Institute of Science) exceeding the combined claims of all the other universities. Commercialization centers, particularly those associated with publicly funded universities, operate in an ethically ambiguous area, as they are under no legal obligation to disclose how they are monetizing these patents (for example, through transfer of ownership).
DISCUSSION

The Nagoya Protocol and its obligations
The prospect of the Nagoya Protocol and its obligations heralding a new set of international regulations governing access and benefit sharing appears to have spurred a rush to patent marine biodiversity (Fig. 3) . Registering patents through the Patent Cooperation Treaty takes around 30 months from the date of application filing (22) . In 2004, the seventh Conference of the Parties to the CBD defined the scope of an ad hoc open-ended working group "to elaborate and negotiate the nature, scope and elements of an international regime on access and benefit-sharing" (23) . Negotiations started in February 2005. Patent registration had peaked by 2009 when a draft text emerged, and fell within 3 years by an order of magnitude. This trend is primarily driven by the activities of BASF and may or may not have been associated with the timing of the Nagoya Protocol. In an interview, a BASF contact suggested that this trend could be linked to patent applications on algae sequences for a research project on cultivating canola plants fortified with polyunsaturated omega-3 fatty acids and consequently unrelated to the Nagoya Protocol negotiations. Moreover, this contact suspected that while the Nagoya Protocol created an obvious regulatory burden, it would not have altered the scope or extent of BASF's patenting activities during this period. Its annual corporate and financial reports underscore a strategic focus on patents and innovation, which suggests continuity and long-term planning, with 2006 research and development investments already being tied to expectations of two-to fourfold returns in annual sales starting in 2015. Since 2004, BASF has continuously expanded its investments in research and development, reaching a new record of €1.9 billion in 2017 (24) . BASF has also highlighted the fact within its annual reports that it has consistently occupied the top position on the Patent Asset Index since it was launched in 2009 to identify the comparative value of corporate patent portfolios (24, 25) .
The Nagoya Protocol's drafting and adoption were driven by an international interest in "levelling the playing field," and the agreement was never meant to stifle innovation. However, concerns have been raised that the lack of user guidance on how to adequately exercise the obligations of legislation to implement the Nagoya Protocol at the national level (26) and the consequences of failure to comply with these obligations may be indirectly restricting access to biological material for research purposes (27, 28) . Since 2012, patent claims have remained at comparable levels to those seen before the drafting of the Nagoya Protocol, suggesting a damper effect on innovation or a rush to register patents before signatories to the Nagoya Protocol established corresponding compliance mechanisms. The outcome has been a reduced pool of benefits to share, as the Nagoya Protocol does not apply retroactively.
The Nagoya Protocol, like all international agreements, represents a compromise among diverse interests. The African Group, for instance, lobbied unsuccessfully for retroactive application of benefit-sharing provisions and legally mandatory disclosure of the country of origin of the genetic resources. The final language associated with the latter issue references the Bonn Guidelines: "countries could consider, inter alia, the following: […] measures to encourage the disclosure of the country of origin of the genetic resources" (29) . The origin requirement specified within Article 4 of the EU implementing regulation (no. 511/2014) is currently a nonmandatory provision. Consequently, close to 90% of patent applications do not provide such informationnondisclosure rates being the highest among private corporations (95%) (30) . This opacity constitutes a serious hurdle to access and benefit sharing of MGRs from ABNJ and would render any potential future retroactive application of such mechanisms largely unfeasible (16) . The extent to which organisms collected in ABNJ are the subject of gene patents will remain unclear until patent authorities require and verify the MGR origin or until voluntary disclosure becomes an industry norm.
Negotiations on biological diversity beyond areas of national jurisdiction
The nondisclosure of species provenance in patents associated with MGRs has implications for international governance. The United Nations Convention on the Law of the Sea (UNCLOS) distinguishes between two geographical zones in ABNJ: the water column (the High Seas) and the seabed, ocean floor, and subsoil thereof (the Area). An international legal regime exists to govern the exploitation and benefit sharing of mineral resources in the Area, which are considered the common heritage of mankind. While the Nagoya Protocol addresses access and benefit sharing for genetic resources within national waters (31) , no such mechanism currently exists for MGRs in ABNJ (as of June 2018). Addressing this gap was the focus of one of four "package" issues addressed by a BBNJ Working Group (2006 Group ( -2015 and Preparatory Committee (2016-2017) (32) and will be a key element of the BBNJ treaty negotiations set to start in September 2018. A challenge in these negotiations has been the insistence by some states that MGRs in the Area should, like mineral resources, fall under the common heritage of mankind principle, which would require that their exploitation be subject to some form of benefit sharing. Other states interpret the corresponding articles in UNCLOS to exclude biological resources, resulting in application of the principle of freedom of the High Seas, implying that no legal obligation exists to share the benefits of their exploitation (10, 33) .
Developing states have identified MGRs sourced from ABNJ as a top priority within the BBNJ negotiations (34) . The lack of participation and continuity among delegations of developing countries, howeverparticularly small island developing states-hampers equitable engagement by these states (34) . Coupled with a comparatively low level of legal and technical expertise with regard to MGRs, this situation has represented a serious obstacle to progress and has delayed the BBNJ negotiations (35) . To ensure that the process moves forward in an inclusive manner, states need to increase their commitments to capacity building, including scientific training and collaboration, and make greater use of mechanisms like a voluntary fund that was established to support participation of delegates during the BBNJ Preparatory Committee (36) . Likewise, greater focus on UNCLOS Part XIV on the development and transfer of marine technology could lay the foundations for more equitable participation by states in efforts to explore Fig. 3 . Timeline of the number of marine genetic sequences associated with claims for international patent protection. Note that registering patents through the Patent Cooperation Treaty entails a roughly 3-year process from the date of filing. A distinction is made between contracting parties to the Nagoya Protocol (n = 20; solid blue line) and non-signatories (n = 10; dashed gray line). Key stages in the negotiations, adoption, and entry into force of the Nagoya Protocol are also included. The protocol remained opened for signature between February 2011 and February 2012 but mostly was not passed into law in national parliaments until 2015 (for example, EU, UK, and Germany).
and exploit MGRs found in ABNJ (37) . The findings of this paper, along with the creation of a publicly accessible database (see the Supplementary Materials), represent a practical tool for negotiators engaged in the BBNJ process.
Transformative capacity for ocean stewardship The existence of keystone actors involved in the patenting of MGRs suggests not only the need to track corresponding lobbying efforts within the BBNJ process but also an opening for more direct engagement with corporations for ocean stewardship (38) . As private entities, participation by major patent holders like BASF, Kyowa Hakko Kirin Co. Ltd., Butamax Advanced Biofuels LLC, and Yeda Research and Development Co. Ltd. has likely been limited to opaque intersessional engagement with national delegations or trade associations like the International Chamber of Commerce (22) . Formal participation by major patent holders would render their influence more transparent, enable direct industry reaction to potential rule changes, help outline steps to realistically comply with obligations, and foster greater accountability. Such entities are likewise in a unique position to discuss the implications of various potential monetary and nonmonetary benefit-sharing mechanisms or the practical consequences of regulatory changes.
In addition to the BBNJ process, other mechanisms could also influence change in business standards and practice. Examples include informal governance mechanisms such as advocacy campaigns, changes in consumer and employee interest, engagement with the scientific community, and shareholder activism (39) . BASF, for instance, is among the world's largest publicly owned companies (ranked 127 on the Fortune 500 list in 2017), with >500,000 individual shareholders, >100,000 employees, and private investors holding some 28% of the company's share capital (40) . BASF is also participating in the World Business Council for Sustainable Development, is a member of the UN Global Compact, and follows the Global Reporting Initiative guidelines. These are just three of a growing landscape of "voluntary environmental programs," which bring together companies that voluntarily go beyond what is required by government regulation, for instance, with regard to transparency or accounting for externalities (38, 41) . There is a possibility that major patent holders would see open engagement with the BBNJ process as purely a risk or liability. Yet, such engagement could also help companies distinguish themselves through their proactive behavior and contribute to providing new norms and standards associated with transparency, capacity building, and benefit sharing (41) .
Conclusion
Of the 30 countries involved in patenting MGRs, 27 are Parties to UNCLOS and have thereby committed to promoting the development and transfer of marine technology "for the benefit of all parties concerned on an equitable basis" (42) . The promotion of equity is also deeply embedded within the language of the SDGs. BBNJ negotiations surrounding a new legal regime for MGRs sourced from ABNJ provide countries with an opportunity to follow through on commitments, to increase transparency by requiring disclosure of the geographic origin of MGRs, and to promote greater international participation toward discovering and using the benefits of marine biodiversity (34) . The scale of patenting to date suggests the need for a greater sense of urgency to ensure a successful conclusion to the negotiation of a new legal regime. Regardless of whether monetary or nonmonetary benefit-sharing mechanisms ultimately emerge through formal agreement or voluntary commitments, it is clear that the potential for commercialization of the genetic diversity in the ocean currently rests in the hands of a few corporations and universities, primarily located or headquartered in the world's most highly industrialized countries. Constructive cooperation among scientists, policymakers, and industry actors is needed to develop appropriate access and benefit-sharing mechanisms for MGRs that serve the triple purpose of encouraging innovation, fostering greater equity, and promoting better ocean stewardship.
MATERIALS AND METHODS
We first created a database of 38 million records of sequences of genetic material associated with patents by accessing the publicly available records of the patent division of GenBank from the National Center for Biotechnology Information on 10 October 2017 (ftp://ftp.ncbi.nih. gov/genbank/). Drawing on a previously described process (16) , all files (gbpat1.seq.gz to gbpat294.seq.gz) were downloaded and processed to create individual database entries with information on species name, patent number, patent data, and the party (parties) registering the patent. This was done by splitting each file into individual sequences and by extracting the data in the ORGANISM field (species name) and JOURNAL field (patent type, year, and registering party) for each sequence. Data processing was done using the Anaconda Python distribution (version 2.4.1 for Python 2.7). Jupyter notebooks with the data extraction code as well as an SQLite database with the 38 million records are both available on request.
Only those patents issued through international patent applications (those marked "WO") were considered in the analysis that we report on here (7.3 million records). Such applications can facilitate patent recognition throughout some or all of the 152 contracting states to the Patent Cooperation Treaty of the World Intellectual Property Organization (see the Supplementary Materials) (43) .
The majority of patent sequences relate to identified species (59.3%) and synthetic constructs (39.5%), while a small number are associated with unidentified species (1.2%). Sequences from a total of 8032 different species are included in the database (see the Supplementary Materials). To determine the marine origin of named species, the taxon match tool of the WoRMS, which is estimated to include 98% of described species (5), was used for all database hits (44) , resulting in a conservative filtered list of 1720 species (see the Supplementary Materials). Web searches were conducted for each of these 1720 species to verify the marine origin and to collect further information about the nature of each species. Nearly half of the matched species were subsequently excluded, resulting in a final list of 862 marine species (see the Supplementary Materials). Species were excluded if a literature search revealed that they were associated with freshwater or terrestrial environments; seabirds were also excluded. A final filtering process was carried out to remove a small number of cosmopolitan microbes found in diverse environments, including marine systems. This is due to the high costs typically associated with the collection of genetic resources from marine environments, meaning that cosmopolitan microbes would more likely have been isolated from other more easily accessible sources. In some cases, it was possible to collect information about whether microbes had been isolated from sediments or seawater, and whether this signified a likely deep-sea or hydrothermal vent provenance (see the Supplementary Materials for list and references).
Records of patent sequences from the 862 marine species were extracted from our database and analyzed with regard to patent applicants, resulting in 12,998 relevant sequences. A total of 12,169 (94%) sequences were registered to a sole entity and formed the basis for the ownership analysis. Analysis of species provenance, date of patent, and number of patent sequences was carried out on the full sample (see the Supplementary Materials). A total of 559 entities were recorded as sole or joint applicants on patents, and web searches were used to collect information about each, including their web presence and the type of entity that they represent, leading to the subsequent definition and classification into three broad categories: companies, universities and their commercialization centers, and others (national institute or agency or government body, individuals, hospitals, nonprofit research institutes) (see the Supplementary Materials).
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